Background The fetal brain starts developing early and animal studies have suggested that iron plays several roles for the development, but results from epidemiological studies investigating associations between gestational iron and offspring neurodevelopment are inconsistent. Objective To systematically examine results from observational studies and RCTs on gestational iron and offspring neurodevelopment, with focus on the importance of four domains: iron status indicators, exposure timing, neurodevelopmental outcomes, and offspring age. Methods PRISMA guidelines were followed. Embase, PsychInfo, Scopus, and The Cochrane library were searched in September 2017 and February 2018. Overall, 3307 articles were identified and 108 retrieved for full-text assessment. Prespecified eligibility criteria were used to select studies and 27 articles were included;19 observational and 8 RCTs.
Introduction
Worldwide, iron deficiency (ID) is the most common micronutrient deficiency. Global data on ID in pregnancy is non-existent, however, using anemia as an indirect indicator, ID would seem to be prevalent both in developed and developing countries [1] . Though, the prevalence is higher in developing countries [2] [3] [4] , especially in the Indian subcontinent and in sub-Saharan Africa, where according to the World Health Organization (WHO), up to 90% of women become anemic during pregnancy [5] .
ID can affect the functions of the fetal developing brain and influence normal neurodevelopment later in life due to its biological roles in the fetal brain [6] [7] [8] [9] [10] [11] [12] [13] [14] . Iron is involved in the neurotransmitter systems [15] [16] [17] in gene expression and DNA synthesis [10, [17] [18] [19] and in energy metabolism [17, 20] . Iron also plays a protective role for brain development through the regulation of the neurotrophic factors [11] and is responsible for the myelination process of neurons [21] . However, iron overload can also cause pathological effects [12, 17] by producing oxygen reactive species [12, 22] that may adversely influence brain development.
Despite these proposed biological roles of prenatal iron, two recent reviews of results from human epidemiological studies relating prenatal iron exposure to offspring neurodevelopment conclude either that there are associations of ID with several neurodevelopmental outcomes [23] , or that the evidence is insufficient [24] . However, a deeper examination of the potential reasons behind the inconsistent results has not previously been provided, but may be linked to differential results for (1) the different neurodevelopmental outcomes, (2) the different ages when outcomes have been assessed, (3) the different indicators used for assessing iron exposure or 4) the timing during pregnancy for assessing iron exposure.
Thus, in this review, we systematically review published observational studies and randormized controlled trials (RCTs) that examined relations between iron status during pregnancy and later neurodevelopment in the offspring and examine how study results may depend on the four above mentioned domains. Our findings are expected to give specific direction for future research and what needs to be prioritized to cover current gaps in knowledge.
Methods
This systematical literature review was registered on PROSPERO (CRD42017078312), and follows the PRISMA checklist (Supplemental file 1).
Search strategy and literature identification
We conducted literature searches in September 2017 and February 2018 using the following four electronic databases: Embase on Ovid, PsychInfo on EBSCO, Scopus, and The Cochrane library to identify all publications providing data on the associations between iron status in pregnancy and neurodevelopment of the offspring. No restrictions were applied on language, year of publication, country or study design. Reference lists of retrieved publications were reviewed to identify studies not obtained in the systematic search. Table 1 presents the terms used for searching all four databases.
Study selection
Initially, 3307 relevant articles were identified on the basis of titles and abstracts. These were scanned and excluded due to the following: (1) they did not investigate associations between iron status in pregnancy and offspring neurodevelopment; (2) were review articles, case reports or book chapters; (3) were animal studies or (4) were not in English. Where the title or abstract of an article did not have sufficient information for exclusion, the article's full-text Table 1 Terms and keywords used for database search Exposure population Exposure Outcome population Outcome "Maternal" or "prenatal" or "Cord" or "in utero" or "pregnan*" or was assessed. We also hand-searched reference lists of retrieved articles and searched grey literature which led to the identification of 3 extra articles. Thus, full-texts of 108 articles were assessed.
Eligibility criteria
Pre-specified eligibility criteria were set using the PICOS tool [25] . The population in the included studies was pregnant women and their offspring, with no restriction on offspring age. In observational studies, blood iron biomarkers were measured and for RCTs, the intervention was initiated during pregnancy and/or preconception and was either iron alone or with another micronutrient and the comparator was either placebo or the micronutrient alone, respectively. We excluded studies of high-risk pregnancies; where the population was with chronic disease and psychoneurologic disorders to allow for assessments in the absence of disease and to limit recall biases and studies relying on iron from self-reported diet intake were also excluded. The primary outcome was offspring neurodevelopment assessed using developmental assessment and screening tools. Only original observational studies and RCT articles were included.
Quality assessment and data extraction
Three different reviewers examined the articles to minimize errors and selection bias. First, data from included studies were extracted by one reviewer (JJ) using a modified form of the Cochrane data collection form (Supplemental file 2). Prior to data extraction, the form was pilot tested by extracting information from 2 randomly selected observational studies and 2 RCTs. Second, a second independent reviewer (MS) extracted the information from the same studies using the PICOS tool, and the information was then compared between the two reviewers to minimize errors. Observed differences in the extracted information were subsequently discussed and agreed on. In studies were several outcomes and exposures were investigated, only those that met the set eligibility criteria were extracted and included in this review. Third, the same two reviewers conducted a quality assessment of the included studies at study level independently and were blinded to each other's assessments using the modified Downs & Black checklist (Supplemental file 3) [26] . Based on the scores resulting from assessing all included studies, we created three quality categories for observational studies: low (10-14 points), medium (15-19 points) , and high quality (≥20 points) and for the RCTs: low (20-22 points), medium (23-25 points), and high quality (26-28 points) . Discrepancies in scoring were resolved by discussion and if scores were not agreed on, a third reviewer (BLH) was brought in to resolve disagreements. Assessment of bias across studies was not performed because our review focused was on exploring the study domains which may or may not introduce such biases. RCTs were assessed on all items with a maximal score of 28 and observational studies were assessed on all but 4 items which were not applicable for observational designs and, thus, could get a maximal score of 24.
Presentation of results and categorization of domains
Results from all included studies were categorized according to the following four domains: (1) Iron status indicator, (2) Exposure timing, (3) Type of neurodevelopmental outcome, and (4) Offspring age at assessment of neurodevelopmental outcome.
Iron status indicator
Eleven categories were used: serum ferritin (SF), serum iron (SI), iron binding capacity (IBC), transferrin saturation (TS), zinc protoporphyrin (ZPP), serum transferrin receptor (sTfR), a combination of transferrin saturation and serum ferritin (TS + SF), a combination of serum ferritin, transferrin saturation, and mean corpuscular volume (TS + SF + MCV), a combination of hemoglobin and ferritin (Hb + SF), hemoglobin (Hb), and hematocrit (Ht). If there were no studies in one of the categories, that category was not represented.
Exposure timing
We used five main categories based on pregnancy trimesters' definition of the National Institute of Health, Library of medicine on the PubMed database [27]. These were: The preconception period, the 1st, the 2nd, the 3rd trimester, and at delivery/birth. In studies where iron exposure did not fit into these categories, the reported mean or median pregnancy weeks were used for categorization and for studies where iron exposure timing was not clear, a separate category "other" was created.
Type of neurodevelopmental outcome
Four categories of outcomes were used as follows: Cognition, motor development, behavior, and academic achievement. Studies that assessed outcomes of language, intelligence, memory, or mental development were categorized under cognitive outcomes and studies that assessed offspring temperament or socio-emotional development were categorized under behavioral outcomes.
Offspring age at assessment of neurodevelopmental outcome
We used five age group categories: Infancy (≤ 1 year), toddlers (> 1-5 years), childhood (> 5-11 years), adolescence (> 11-17 years) and adulthood (≥ 18 years).
Results
Of the 108 articles retained for full-text assessment, eligibility criteria for study inclusion/exclusion were applied and 81 articles were excluded leaving 19 observational studies and 8 RCTs for review, Fig. 1 .
Findings from studies

Study characteristics
Of the observational studies, 17 out of 19 were cohort studies, 1/19 was a case-control study [28] and 1/19 was of a correlational design [29] . They were published between 1986 and 2017 and included between 22 to 19,117 pregnant-women-and-child pairs.
RCTs were published between 2006 and 2017 and included 264 to 1166 intervention and control pairs. All experimental studies were RCTs; two were extensions of the same RCT [30, 31] , three were extensions of another RCT with different neurodevelopmental outcome measures and ages of assessment [32] [33] [34] and one also took an observational approach into the RCT [33] . The majority of RCTs compared iron and folic acid supplementation to folic acid alone [32] [33] [34] [35] [36] while one RCT only, compared different doses of supplemented iron [37] .
A summary of the characteristics and results of the studies are presented in Tables 2 and 3 
Indicators of iron status and offspring neurodevelopment
Most observational studies (7/16) found direct [28, [38] [39] [40] [41] [42] [43] , 2/16 inverse [39, 44] and 1/16 inverted U-shaped [45] associations between Hb and offspring neurodevelopment, 2/6 found direct associations with SF [41, 46] , 1/3 with SF + Hb [47] , 1/2 with SI [43] and 1/1 with TS [46] , TS + SF [46] , IBC [29] or TS + SF + MCV [48] .
Exposure timing and offspring neurodevelopment
One of four observational studies found direct association when iron status was measured in the 1st trimester [46] , 2/9 when measured in the 2nd trimester [41, 46] , 7/15 in the 3rd trimester [29, 38, 39, 42, 43, 46, 48] , 1/10 at delivery/birth [48] and 3/3 when measured throughout pregnancy or persistently in more than one trimester [28, 41, 47] . Inverted U-shaped associations were reported when different iron indicators were measured in the 2nd trimester in 1/9 studies [45] and in 1/15 in the 3rd trimester [45] . Inverse associations were found in 1/15 studies in the 3rd trimester [44] and in 2/10 studies at birth [39, 44] .
Only 1/7 RCTs found neurodevelopmental benefits of initiating iron supplementation preconceptionally [35] , 1/7 found benefits when iron and folic acid compared to folic acid alone in the 2nd trimester [33] while 2/7 found adverse effects of supplementation in the 2nd trimester (supplemental file 6) [30, 31] .
Type of neurodevelopmental outcome
Cognitive outcomes Cognitive outcomes were investigated in 12 observational studies and 6 RCTs. In total, 4/12 observational studies found direct associations with offspring cognition [28, 39, 47, 48] and one also reported a significant inverse association with intelligence when Hb levels were measured at birth [39] .
One of six RCTs, which took an observational approach in the RCT, also found a significant direct association with offspring mental scores [33] .
Motor development outcome Two of six observational studies with motor developmental outcomes reported direct associations with motor development [38, 48] , and 1/6 reported an inverted U-shaped association [45] .
One of five RCTs found improvements in motor development with the intervention but concluded that these effects were minor or chance findings [35] .
Behavioral outcomes Five of seven observational studies found direct [29, [41] [42] [43] 46 ] and 1/7 inverse associations between iron status using different types of iron indicators and offspring behavioral outcomes [44] . Most studies used the Neonatal Behavior Assessment Scale and the specific behavioral outcomes found to be significantly associated with iron status varied between studies (e.g., the outcome orientation was significantly associated in one study only while hyperactivity was associated in a different study). Furthermore, 2/3 studies, of the same RCT, showed worse parent-reported behavioral scores among offspring of the iron supplemented mothers (supplemental file 6) [30, 31] .
Academic achievement outcome One study assessed offspring academic achievement and found a direct association (supplemental file 5) [40] .
Offspring age at assessment of neurodevelopmental outcome
Seven of 12 observational studies found direct associations when outcomes were measured in infancy [29, 38, 41-43, 46, 47] , 1/12 found an inverse [44] and 1/12 an inverted U-shaped association [45] . One of four RCTs found beneficial effects in infants [33] . In toddlers, 2/5 observational studies [28, 48] and 2/4 RCTs found beneficial associations [33, 35] while 2/4 RCTs reported adverse effects [30, 31] . No consistent results were seen in childhood and only one observational study reported on associations in adolescence [40] . No studies investigated associations between iron status during pregnancy and neurodevelopmental outcomes in adults (≥ 18 years of age).
Quality assessment results
Results of the quality assessment are reported in Supplemental file 4 per item on the Downs & Black checklist for each study. Scores for observational studies ranged from 10-21 and for RCTs from 20-26. Highest scores were obtained on Reporting Quality, followed by Internal Validity. Lowest scores were obtained for External Validity and Power. The total quality score for each study is presented in Tables 2 and 3 . Fifteen of the 19 observational studies had medium and high quality and 4/19 had low quality. 
Note:
Four sets of observational studies were based on the same sample population; One: [63, 64] , two: [38, 47] , three: [45, 50] , four: [44, 46] . However, they all differed either in the assessed exposure indicators or in the neurodevelopmental domain and tool used for outcome assessment. Therefore, these were treated as separate studies and the consequence for the results of the current review is discussed in text where appropriate The authors of this study took a longitudinal correlational design, where infants of anemic mothers and a comparison group were followed. The statistical relationship in the study can only be understood as a correlation. The authors themselves point this out in the paper, where they refer to their research methodology as one with well-known problems in regards to the interpretation of the statistical analysis; where even if infants of anemic mothers were different in the outcomes than those in the comparison group, this study design only says that there is a correlation and it should be understood such as that other variables may also explain such a relationship b Educational attainment level was also assessed at age 31 years but this outcome does not fulfill the eligibility criteria for this review because it did not assess the offspring's ability to perform on a neurodevelopmental test, instead it assessed which level of education the offspring had. Therefore, outcomes at ages 14 and 16 years only were extracted from the study c Cases were offspring with schizophrenia which did not fulfill the eligibility criteria for this review. Thus, only results from the healthy control group from the study were included in this review d The study included 4 cohorts, only 2 of these measured the iron status during pregnancy, thus data from only these was extracted and considered in this review A longitudinal observational approach was taken in the RCT where the iron status of pregnant women was analyzed in the intervention and comparison groups c A combination of a pregnancy and and an infancy trial were used. Only the results from the intervention in pregnancy were used here
Discussion
The present review found some evidence that a low gestational iron exposure, especially indicated using Hb and possibly when measured late in pregnancy, was associated with specific elements of adverse offspring neurodevelopment, particularly in infancy. Results of observational studies varied across quality score and thus, the heterogeneous results are likely not due to methodological issues. In the RCTs, the highest quality scores were found for studies with both direct and inverse associations, while studies that found no effects were of low and some medium quality. Therefore, the lack of intervention effects in 4/8 RCTs may rather depend on methodological weaknesses [32, 34, 36, 37] .
Iron status indicators
Study results varied according to the iron status indicator but also within indicator. According to the WHO, ID can be categorized into three severity stages where different indicators' levels are altered in different stages [2, 49] and thus may measure different physiologic conditions. Few studies used more specific indicators for iron and the majority used Hb, thus there was little support that the observed associations were attributable to real ID and the possibility of making firm conclusions related to ID was limited. For instance, some studies found direct associations with neurodevelopment using Hb but not other iron indicators [38, 41, 43, 44] and in some anemia was multifactorial and not due to ID [42, 45, 50] . Thus, caution should be taken in concluding that offspring neurodevelopment is related to ID from studies using Hb as its sole indicator. We did not exclude studies that only measured anemia (Hb) because (a) Although it is a poor proxy for iron status, it is still an indicator and (b) Because studies that use this indicator, as well as previous reviews on the topic, infer their results onto ID, and by including all these studies, we demonstrate here that one reason for the heterogeneity of results is due to not differentiating between more specific iron indicators and Hb, thus providing a clear direction for future research.
Timing of ID exposure
Results were generally not dependent on ID exposure timing during pregnancy. However, a greater number of studies found direct associations when iron status assessed during 3rd trimester [38, 40, 42] , than earlier in pregnancy, suggesting that late gestation iron status may be of particular importance for offspring neurodevelopment, in agreement with findings from other studies that iron uptake and myelination are increased during this period [51] . Animal studies have suggested that ID-also early in pregnancy-influences myelination in the developing brain [52] , thus the results observed for 3rd trimester ID measures in these human studies could have resulted from ID starting early and continuing through pregnancy, and could explain why our results did not seem dependent on exposure timing. In agreement, one study found persistent ID anemia (IDA), but not IDA at one pregnancy point, to be associated with cognition [47] . Moreover, there could be several periods during brain genesis of different sensitivity to iron in different brain regions accounting for the heterogeneous findings [12, 51, [53] [54] [55] . Consistantly, two studies found direct associations between ID-using different iron indicators-in different pregnancy trimesters and offspring outcomes [46, 48] . Finally, exposure timing could be highly dependent on the iron status indicator used in each of the studies. The great variety in these indicators might have thus limited observation of a trend in the timing of ID exposure, if one was present. This can be seen from the study by Hernandez-Martinez et al. (2011) [46] who showed that ID was associated with different behavioral items at different pregnancy stages as well as when using different indicators of iron status. Thus, we show that exploration of domains of exposure timing, iron status indicators, and neurodevelopmental outcomes is needed and understanding the relationship between pregnancy iron status or anemia and offspring neurodevelopment should always take these into consideration.
Neurodevelopmental outcomes
Associations between ID and neurodevelopment varied depending on the specific neurodevelopmental outcome, and direct associations were observed particularly for behavior and cognition, and less evidently for other outcomes. However, associations with cognition were few and mainly seen in studies assessing Hb levels. Results were also few for motor development, and in the absence of more studies, there is overall little evidence for an association. One study only, assessed offspring academic achievement, and despite its high methodological quality, this study assessed ID using Hb levels, and thus the results should-as discussed earlier-be regarded with caution, and need to be confirmed using other ID indicators [40] . Several studies found direct associations between ID indicators and different behavioral outcomes but results varied across trimesters and with the type of iron status indicator. Moreover, 2 RCTs reported inverse associations, thus neither the direction of the associations nor the specific behavioral outcomes affected were clear from the included studies [30, 31] and heterogeneous findings may also relate to challenges in assessing behavior in early life i.e., infancy [56] . Finally, maternal iron overload may potentially also adversely affect offspring health, as reported in both human and animal studies [57] . Indeed, a few of the observational studies found high Hb to be associated with adverse motor development and behavior [44, 45] , and future studies should examine this further, especially because current clinical practices follow supplementation in pregnancy with iron assuming favorable health outcomes, only [24, 58] .
Offspring age at assessment of neurodevelopmental outcome
Findings from the included studies suggest that associations may persist beyond infancy into childhood, and potentially further into adolescence. However, the scarcity of human ZPP zinc protoporphyrin studies following offspring past infancy and childhood poses a serious limitation to our current knowledge regarding long term neurodevelopmental effects of pregnancy ID. Because neurodevelopmental skills emerge at different rates in early life [53, 59, 60] , the lack of a relation between iron status and cognition in infancy does not exclude the possibility of delays at school age [59] , as suggested by Fararouei et al. [40] .
Strengths and limitations of this review
This systematic literature review has several strengths: (a) We followed PRISMA guidelines and used recognized tools for data extraction and quality assessment; (b) All study findings were visually presented to the reader which we believe has minimized reviewer biases as much as possible.
We also report the following limitations: a) We cannot exclude the possibility of missing some studies in our search. However, we searched several databases, handsearched reference lists and searched grey literature. We included both observational studies and RCTs with no restrictions to publication dates and included studies from both developing (16 studies) and developed economy countries (11 studies) [61] . We therefore believe that our search most likely was complete. We identified one study where the English abstract suggested relevant findings, but the study was only available in Chinese and thus was not included in our review [62] ; (b) We could not conduct a meta-analysis due to the heterogeneous nature of the studies; (c) We could expect studies that used the same cohorts or RCTs to be subject to publication or confirmation biases for reaching consistent results. However, their quality scores varied and they had different hypotheses, thus we do not expect that our conclusions were biased by this. However, we note that this is an important consideration when the reader looks at the number of studies reviewed. We point out that the reason we did not only include one of the several studies which were based on the same cohort or trial, is due to the different exposures and outcomes investigated which puts these studies in different categories under our four selected domains. And since we aimed at investigating the specific domains, we chose to keep all studies stemming from the same cohort or trial; (d) Although evidence from literature shows that micronutrient deficiencies are more common and possibly more severe in developing economy countries-which can in turn influence the effects observed on offspring neurodevelopmentwe have not compared studies on the severity of ID or anemia, because the definitions of the two varied greatly across studies. We however notice that significant associations were observed in both developed and developing economy settings in the studies included in our review, with no clear patterns depending on the setting; (e) Small sample sizes and methodological issues in some of the included studies could have limited analyses of reaching significance, and in some studies with small sample sizes and high rates of loss-to-follow-up, selection bias could be an issue which is a threat to the validity and generalizability of their findings. We however account for biases and errors, as well as power calculation and sample size in our quality assessment, and thus these issues are reflected in the quality score of each study. Finally, (f) Of the RCTs, two used a lower iron dose than the remaining, however we did not see a pattern of outcomes based on the dose, where both studies showed significant associations in some domains and not others, and where the remaining studies also showed similar Fig. 4 Observational studies on iron status in pregnancy and offspring behavioral outcomes. Findings from observational studies on the associations between iron status in pregnancy and offspring behavior presented in the graph according to the domains (i) Type of iron status indicator for exposure measurement (top of the x-axis) (ii) exposure timing (bottom of the x-axis), and (iii) offspring age at neurodevelopmental assessment. The adjacent table presents information on each study on author and year (study ID), specific neurodevelopmental outcomes assessed, study sample size (Size) and quality score (QA). Studies are categorized according to offspring age at neurodevelopmental assessment: Infancy (≤ 1 year) and toddlers (> 1-5 years), and further categorized according to study quality: high, medium and low quality. Bolded text: Specific items of cognition reported to be significantly associated. +Significant direct association. -Significant inverse association. (+) Association in direction of a direct association that did not reach significance. (−) Association in direction of an inverse association that did not reach significance. NS Nonsignificant associations and where effect estimates were not presented. NA No association found Footnotes: 1 Direction of association varied per assessed behavioral item. 2 Both Hb and Ht indicators were measured. ANS autonomous nervous system; Hb hemoglobin; Ht hematocrit; IBC iron binding capacity; MCV mean corpuscular volume; QA quality assessment score; SF serum ferritin; SI serum Iron; Size study sample size; TS transferrin saturation findings. Thus, we do not see this affecting the findings of the review.
Agreement with previous reviews
The current review reached conclusions that were both consistent and contrasting with conclusions from the two previously published reviews in this area [23, 24] . Veena et al. concluded that there is a little support for or lack of effect of iron on children's cognitive funtion [24] ; in contrast, we conclude that pregnancy iron status may be associated with certain, but not all offspring neurodevelopmental outcomes. Thus, consistently with the conclusion drawn by Iglesias et al. [23] , we argue that there seems to be some evidence that pregnancy iron status may be associated with offspring behavior, cognition, and academic achievement but in contrast, we found no evidence on motor development. We also note that there is large heterogeneity in the results and a need for more studies, particularly well-performed RCTs. We attribute our contrasting evidence to our focus on the four domains and to the set eligibility criteria. Studies where exposures were self-reported or the effects of iron alone could not be assessed were included in previous reviews but were excluded in ours based on the eligibility criteria. We believe that this was reasonable and did not bias our conclusions.
Conclusions and further challenges
The present review of observational studies and RCTs on prenatal iron exposure and later neurodevelopment suggest that there is some evidence that low pregnancy iron, particularly in the 3rd trimester, may adversely influence offspring neurodevelopment. However, as most previous research used Hb as an indicator for iron status, inferring results to ID should be done with caution. We thus also demonstrate the weakness of available literature to date in relation to use of more specific iron status indicators than just Hb, and we believe this is an important conclusion especially because previous reviews and studies do not clearly differentiate between iron status and anemia, which we show has led to the inconclusiveness of evidence on the topic, to date. Results were few and heterogeneous regarding associations beyond the age of early childhood and there is a need for more studies that (a) Perform multiple iron status measurements during all stages of pregnancy, use different indicators of iron status and look at different neurodevelopmental outcomes separately from one another; (b) Follow offspring into adolescence and adulthood ages to confirm potential changes in associations over time and specifically with the offspring academic achievement; (c) Investigate associations of iron overload in pregnancy on offspring neurodevelopment and (d) Future high quality observational studies and RCTs should assess offspring behavior, especially those that assess the same behavioral outcomes found to be significantly associated in our review.
